Abstract-The output characteristics of the Photovoltaic (PV) modules, and hence, the array greatly depends on the environmental factors. Therefore, it is difficult to reproduce and maintain the same environmental conditions for testing and comparing the performance of PV power conditioning systems. A PV emulator, which usually is a power electronic converter, can reproduce the desired output characteristics irrespective of the environmental conditions. It gives opportunity to test and analyze different PV systems in intended controlled environment. The aim of the work is to design a current-controlled buck type dc-dc converter based PV emulator. In order to confirm the effectiveness of the emulator in reproducing the PV module(s), the performance of PV emulator is evaluated with different types of loads (linear and non-linear loads) and is compared with the results that would have been obtained if the loads were fed from the real PV source. Extensive simulation results obtained in MATLAB are included to show that the PV emulator system behaves electrically similar to a real PV source.
INTRODUCTION
Several factors like depletion of the conventional sources, increase in the cost of electricity, increased concern about the environment, government policies and incentives for renewable energy generation, etc. have drawn more attention of the researchers towards the renewable or non-conventional energy sources. One of the most promising renewable energy sources is solar photovoltaic (PV). Due to number of benefits like direct solar to electric energy conversion, no operating cost, no moving parts, modularization, no constraints in terms of site location etc., the number of PV systems (isolated or grid-connected) has increased greatly over the past few years [1] However, PV systems do have some limitations [2] , [3] . These include low efficiency, higher initial cost, interaction with the other systems connected in parallel, etc. Also, the effect of the partial shading may lead to decrease in the output power of the PV array, difficulty in Manuscript received December 31, 2012; revised January 25, 2013.
tracking the maximum power point (MPP), increase in harmonics, poor THD etc. Large number of PV systems in the existing electrical power systems network may also cause problems like congestion, voltage instability, resonance etc. Such issues demand investigations in understanding the behavior of the PV systems. Hence, it is essential to test such systems prior to their design and/or installations.
The objective can be achieved with the help of an experimental set up that is capable of reproducing the characteristics similar to that of a PV array. Such experimental set-up is called an emulator [4] - [7] . Some of the reasons, which suggest the need for an emulator to reproduce the characteristics of PV array are as under:
The cost of actual PV array is very high.
1) The commissioning of actual PV array requires a large area. Also, to study the characteristics for different array configurations one has to reconnect the PV modules differently, which is a laborious task and consumes time.
2) It is difficult to emulate a PV array by simply having either a Current Source (CS) or a Voltage Source (VS). 3) It gives the liberty to carry out the experimentation even at the night times when sun is not available or under cloudy conditions and low insolation conditions. 4) It is difficult to reproduce and maintain the similar characteristics with the PV array as the insolation and other environment conditions do not remain same. 5) Such emulator can reproduce the different desired characteristics, within no time and no extra cost, by just making some minor changes in the algorithm of the controller. PV emulators based on op-amp circuits or DC-DC converters have been proposed over the years [4] - [7] . To emulate a PV module, a single reference solar cell and a current amplifier is used as a reference in [7] , while Lee et.al [8] , used a look-up-table with discrete values of the solar panel's output current and voltage. The system with solar cell as reference is prone to inaccuracies in case the solar cells have some defects and/or shading while the system based on look up table relies on interpolation.
Also, different look-up tables are required for different modules. Further, in most of these studies the performance of the emulator is demonstrated, mostly with linear resistive load.
The paper presents a current-controlled buck converter as a PV emulator, which can exhibit the characteristics of the PV panels. The functioning of the emulator relies on the PV model [9] and so can emulate different modules easily with minor modifications. The performance of the emulator is compared with that of the actual characteristics and the simulation results are also presented.
II.
PV MODEL Figure 1 . Equivalent Circuit representing a one-diode model of a PV Cell [9] Fig . 1 shows an equivalent circuit to model a PV cell. A single diode model is considered [9] along with the series resistance R s to take into account the internal electrical losses. Shunt resistance R p is generally very large and hence, ignored. The equation expressing the relation between output current (I pv ) and its terminal voltage (V pv ) under given solar radiation (G ) and temperature (T) is
where, I o is the diode saturation current [A]; n is the diode quality factor; q is the electronic charge(1.6 ×10
I L is the photo current generated by PV cell;
The non-linear transcendental equation (1) is difficult to solve and hence, some numerical technique need to be used to solve it. The approach suggested by Walker et.al, [9] is used for solving (1) . The characteristic for a particular module can be obtained using (1)- (8) . However, some data for that module are required, which can be obtained from the datasheet of the PV module or a priori from experiments done on the module. Hence, to solve (1) the previously known values of open circuit voltage (V oc ) and short circuit current (I sc ) at two different temperatures T 1 and T 2 are used. The subscript '1' and 'nom' refers to the standard conditions (G nom = 1000W/m 2 , T 1 = 25°C).
⁄
where, V g is the energy gap of the material of the cell.
where K o is the temperature coefficient of I sc (A/K). The series resistance is computed using following equations
III. SYSTEM CONFIGURATION Fig. 2 shows the system configuration for a PV emulator which comprises a buck type (step-down) dc-dc converter, sensors, conditioning circuits, controller a gate drive circuit. V in represents a DC source of 100V. Hysteresis (or bang-bang) control is used to provide controlled output current. The reference current for the hysteresis controller is derived using the PV model. The value of inductor L and filter capacitor C are 25mH and 2000µF, respectively. (8) and the parameters G,T, V o and I o , the controller computes the value of R pv and R load . R pv is defined as the ratio of V pv and I pv . Depending on the difference in the value of R load and R pv , the controller takes the corrective action to force the operating point where, difference in R load and R pv is zero or is negligible. The operating principle and the algorithm for controlling the dc-dc converter as the PV emulator, is discussed in the next section. Fig . 3 depicts the operating principle of a system shown in Fig. 2 . It shows a V-I characteristic of a module to be emulated and load line corresponding to a fixed resistive load (R load ) on the same V-I plot. For the given load, if the converter operates at the intersection point of V-I characteristic of a module and the load line R load , the converter is able to behave as an emulator. Fig. 3 shows that as the load line R load intersects the V-I characteristic of module at point c, the converter can act as an emulator if its steady-state output voltage and current are V pv3 and I pv3 , respectively. At this point V pv3 /I pv3 =R pv3 =R load .
IV. ALGORITHM FOR THE CONTROL OF CONVERTER
Let 'a' be initial operating point. So the converter outputs voltage V 1 at current I 1 . The V-I characteristic of the module shows that an actual PV module can generate current I pv1 when operating at the voltage V pv1 =V 1 . Thecorresponding load resistance is R pv1 (=V pv1 /I pv1 ), which is less than R load . Thus, to force the converter to act as an emulator R pv (ratio of V pv and I pv ) should be increased till it equals R load . This can be achieved by increasing V pv and decreasing I pv . Fig. 3 shows that operating point moves from a to c (path a-c), as converter output voltage V o is increased from V 1 =V pv1 to V 3 =V pv3 in steps. This results into the increase in R pv from R pv1 to R pv3 and the converter outputs V o and I o that the PV module would generate with R load . Fig . 4 shows the flowchart for the algorithm which the controller employs to control the converter as a PV emulator. In respect to the PV module to be emulated, the 'initialization' step includes passing of known values (from the datasheet) of some parameters ( (T1,nom) ). The next step is to pass on G and T for which the performance of PV module is desired. Based on these parameters photocurrent I L and diode saturation I o current are obtained with (2) and (5). As the converter has to behave similar to the PV module, the output voltage V o of the converter should be the same as the voltage V pv that the PV module would generate when operating under the given conditions. Hence. V o is fed to the controller and along-with I L and I o computed in the earlier step, the PV module's output current is obtained using (1).
As (1) decide the performance of the emulator and hence, should be judiciously selected in context to the rating of the PV emulator. Smaller the value of ΔR better is the accuracy of the converter in emulating the characteristic of the PV module (or an array). Larger the value of ΔV pv lesser is the time to reach to the final steady-state operating point.
V. SIMULATION RESULTS
The section discusses the performance of PV emulator ( Fig. 2) with different types of loads: linear load and nonlinear loads. The control algorithm shown in Fig. 3 is adopted with ΔR = 0.2Ω and ΔV pv =0.01V. A variable resistor is considered for a linear load, while dc-dc converter feeding a resistive load is considered as a nonlinear load. The simulation results presented in this section are carried out in MATLAB/Simulink. For the simulation study, the Solarex MSX60 60W PV module is considered. The specifications of the PV module corresponding to 25°C temperature and 1000W/m 2 solar irradiation level are shown in the Table I . The operating point on the characteristic; may it be on CS region, non-linear region, or VS region; is dependent on the load. If R load =R =10Ω, the operation will be at a point where the PV module's output voltage and current are such that their ratio is equal to 10Ω. This is achieved at point C, where the output voltage and current are 19.69V and 1.969A, respectively (19.69/1.969=10Ω). Thus, depending on the load matching, there exists a unique point on the characteristic where the operation is possible. Hence, as the R load changes, the output voltage and current of the PV array change, unlike an ideal CS or a VS where only one of these either output voltage or output current changes. Some reference points A (R=2.63Ω), B (R=5Ω), C(R=10Ω) and D(R=50Ω) are marked, which shows that the R pv decreases as the operation moves from Point A (in the VS region), towards the point D (in the CS region). 6 shows performance of the PV emulator (Fig. 2) , when the resistance is varied (corresponding to points A` to D`). R load at time t=0s is 2.63Ω . The step change in the resistances are applied at t=0.05s (2.63Ω to 5Ω), t=0.1s (5Ω to 10Ω), and t=0.15s (10Ω to 50Ω). Fig. 6(a) and (b) show the variation in the dc-dc converter's output voltage and current respectively, corresponding to these resistances. The steady state operating points (A`B`C`D`) obtained with the PV emulator are also highlighted in Fig.  6(c) . It can be observed from Figs. 5 and Figs. 6(c) that the steady state operating points for both the cases; (i) resistive load directly fed from PV module (Fig. 5) and (ii) resistive load fed from the converter (Fig. 6(c)) ; have a close match. Thus, the dc-dc buck converter is controlled as a PV emulator to behave similar to that of the PV module. The response time of the emulator when a step change in resistance is applied is also very small, less than 0.01s. Unlike the results shown in Fig. 5 , ripple in I o (about 0.1A) and V o (about 0.0007V) is observed in Fig.  6 .However, the ripple is quite small and has not much significance when the PV emulator is used in place of PV module for testing the PV systems. In fact, the ripple in I o and V o can be minimized, if desired, by increasing the buck inductance and filter capacitance. Fig. 7 depicts the performance of the emulator when buck emulator is feeding a non-linear load. A dc-dc step down converter with a fixed resistance of 5Ω at its output port is considered as a non-linear load. Thus, the entire set-up consists of two step-down (buck) dc-dc converters. First acts as a PV emulator and second acts as a load converter. The load converter is operated at a constant duty cycle D = 0.7 and 6.6kHz switching frequency. In the steady state, as effective resistance at the input port of the step down converter is governed by the following expression, the effective load resistance at the input port of the converter i.e. at the output port of PV emulator is about 10.204Ω. ⁄
Here, R in and R out are the resistances at input and output ports of the dc-dc converter, respectively. Therefore, the output voltage and the current of the PV emulator settle at the values corresponding to resistance 19.72V, respectively, which is in accordance to the output of the PV module as observed from Fig. 5 . Ripple in the output current is about 0.1A and that in output voltage is 0.004V. The time to reach the steady state is 0.07s. As the duty cycle of this converter varies, the effective resistance at the input port of the converter varies yielding different operating point on the V-I characteristics of Fig. 5 . Though the performance is not shown for other values of duty cycles, the performance of PV emulator for different duty cycles is in agreement with that obtained when the non-linear load is directly connected to the PV module. The performance of the PV emulator is also tested with another non-linear load that consists of a boost converter feeding a resistive load. Fig. 8 depicts the performance of the emulator (shown in Fig. 2) . A fixed resistance of 120Ω is considered at the output port of boost converter (load converter). Thus, the entire set-up, just like the previous case, consists of two dc-dc converters. But unlike the previous case, first converter that acts as a PV emulator is a buck converter while the second one that acts as a load converter is a boost converter. The load converter is operated at a constant duty cycle D = 0.5 and 6.6 kHz switching frequency. For the boost converter, effective resistance at the input port of the step down converter is governed by the following expression
Hence, the effective load resistance at the input port of the converter i.e. at the output port of PV emulator is about 30Ω. Therefore, the output voltage and the current of the PV emulator settle at the values corresponding to resistance of 30Ω, which lies between point C and point D. The steady state output current and voltage of the emulator are 0.6881A and 20.64V, respectively, which is in accordance to the output of the PV module as observed from Fig. 5 . Ripple in the output current and in output voltage are of the similar magnitude as that in the previous case. The time to reach the steady state is also 0.15s. The performance of PV emulator for different duty cycles is in agreement with that obtained when the nonlinear load is directly connected to the PV module.
VI. CONCLUSIONS
PV array emulator based on buck converter topology is presented. Simulation results showed that PV emulator has good steady state response. The settling time is also quite less. The response is compared with that obtained with a real PV source. When tested with non-linear loads comprising buck or boost converter, performance of the converter as an emulator matches that of real PV source. Even with non-linear buck type load, which consist of a switch in series at the output terminal of emulator, the converter is able to reproduce the characteristic of a PV module. However, unlike the PV source, the output voltage and current of PV emulator show some ripples whose magnitude is dependent on the size of filter capacitor and inductor. Future work will focus on the implementation of PV emulator. 
